Unusual Hall Effect in Superconducting MgB 2 Films: 
Analogy to High-T c Cuprates 
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We have investigated the temperature and magnetic field dependence of the Hall coefficient of 
two well-characterized superconducting MgB2 films (T c o=38.0 K) in both the normal and supercon- 
ducting states. Our results show that the normal-state Hall coefficient Rh is positive and increases 
with decreasing temperature, independent of the applied magnetic field. Below T C (H), Rh decreases 
rapidly with temperature and changes sign before it reaches zero. The position and magnitude at 
which Rh shows a minimum depends on the applied field. Quantitative analysis of our data indi- 
cates that the Hall response of MgB2 behaves very similarly to that of high-T c cuprates: Rh oc T 
and cotfc oc T 2 in the normal state, and a sign reversal of Rh in the mixed state. This suggests 
that the B-B layers in MgB2, like the Cu-O planes in high-T c cuprates, play an important role in 
the electrical transport properties. 

PACS numbers: 74.70.Ad, 74.76.-w, 73.50.J, 73.50.-h 



The recent discovery of unexpectedly high temperature 
superconductivity in MgB2 (T c = 39 K) jlj] has stimu- 
lated a great deal of interest in its mechanism. One of 
the central issues is whether MgB2 is related to other 
well-known superconductors or represents a new class of 
superconductor. Although superconductivity was found 
in other borides with the same crystal structure as MgB2 
P, [|, the T c of these other materials does not exceed 
0.6 K. What makes the T c of MgB2 almost two orders 
of magnitude higher? One school of thought proposes 
a phonon-mediated BCS pairing mechanism. Evidence 
for this view is provided by isotope effect experiments 
j|, an isotropic energy gap [|[ || , NMR studies @, [|, 
and specific heat measurements P, Evidence for un- 
conventional superconductivity is found in the non-BCS- 
like temperature dependence of both penetration depth 
|TT| , |l2f and microwave surface resistance |[L3| . Theo- 
retically, Hirsch argues that the B-B planes in MgB2 
should play a role similar to the Cu-0 planes in high-T c 
cuprates, and predicts hole superconductivity in MgB2 
PI . A recent Hall study on bulk MgB2 shows a pos- 
itive normal-state Hall coefficient confirming hole 
conduction in this material. 

The anomalous Hall response of high-T c cuprates has 
been considered as one of their most remarkable and puz- 
zling properties |L6| |. In this Letter, we report for the 
first time a surprisingly similar Hall response observed 
in superconducting MgB2 films. The experiments show 
that Rh is positive in the normal state and has a strong 
temperature dependence that can be described using the 
model Anderson proposed for high-T c cuprates |l6| . Fur- 
ther analysis yields a T 2 -dependence of the Hall angle 
from T c to at least 300 K. We also find that Rh changes 
sign as the sample is cooled below T c ; the temperature 
and magnetic field dependence of Rh in the mixed state 
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resembles that observed in hole-doped high-T c cuprates. 
We discuss the possible origin of unusual Hall behaviors 
based on theoretical models for high-T c cuprates. 

The MgB2 films were prepared using a precursor post- 
processing approach and extensively characterized as de- 
scribed in Ref. ||l7| . For the films used in the Hall 
measurements, the zero-field resistivity indicates an on- 
set T c onsct = 38.6 K with a transition width of AT=0.4 
K (see Fig. 2b), indicating the good quality of our sam- 
ples. For the Hall measurements, we cut the samples into 
rectangular shape with dimensions of 4 mm x 2 mm. 
The Hall and longitudinal resistivities were measured us- 
ing a standard six-point method. Stable low-resistance 
contacts were achieved by heating the sample with fresh 
contacts (Epotek H-20E silver epoxy) at 120 °C for 4 
hours. The experiments were performed in a Quantum 
Design Physical Property Measurement System using a 
horizontal rotator and magnetic fields up to 8 Tcsla. In 
order to exclude the longitudinal contribution due to mis- 
alignment of Hall- voltage contacts, the Hall resistivity 
was derived from the antisymmetric part of the trans- 
verse resistivity under magnetic field reversal at a given 
temperature, i.e., pir=[p,ff (+H)-p#(-H)]/2. Finally, the 
Hall coefficient Rh is evaluated from Rh=Ph /H. In the 
normal state, checks were made at several temperatures 
to ensure that the Hall coefficient was linear in applied 
current and field. 

In Fig. 1, we show the temperature dependence (5-300 
K) of Rh obtained on a 0.6/im thick MgB2 film. The 
applied field was 8 T. To emphasize the variation of Rh 
in superconducting state, we plot the data on a semi- 
logarithmic scale. Note that Rh reveals strong tempera- 
ture dependence in both the normal and superconducting 
states. Above T C (8T) ~ 25 K, Rh is positive and in- 
creases with decreasing temperature. Similar to previous 
observations on bulk MgB2 p5| , the magnitude of the 
normal-state Rh is essentially two orders of magnitude 
smaller than that of high-T c cuprates, reflecting a much 
higher carrier concentration in MgB2. More striking is 
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FIG. 1: Temperature dependence of Kh at H = 8 T in a 
MgB2 film. Note the sign change of Kh in the mixed state. 



the behavior of Kh in the mixed state. Below T C (H), 
Rh decreases rapidly and changes sign from positive to 
negative. After reaching minimum R# mm at T m ; n , it 
increases again until zero is approached. The general 
behavior is qualitatively the same as that observed in 
high-T c cuprates. 

We first discuss the normal-state Hall response. The 
temperature dependence of Kh is anomalous when an- 
alyzed in terms of conventional transport theory. In a 
single-band Drude model, Kh is T-independent if the 
anisotropy of the transport scattering rate t _1 (k) is inde- 
pendent of T, where k is the wave vector [[L8[ . At present, 
it is unclear whether the anisotropy in T~^k) varies with 
temperature for MgB2. Recent band structure calcula- 
tions predict that the Fermi surface of MgB2 consists 
of four sheets: three are hole-like and one is electron- 
like |2(J. With such a complex Fermi surface, it is 
not surprising that Kh is T-dependent. High-T c cuprate 
superconductors are the examples. In the latter system, 
Kh is considered to be controlled by both transport scat- 
tering rate r _1 and transverse scattering rate th~ x [M 
Within this picture, R#(T) is expected to vary as ul 



1/R H = aT + b, 



(1) 



where a and b are constants. Can Eq. 1 also be applied to 
MgB2? In Fig. 2a, we plot the temperature dependence 
of the inverse Hall coefficient 1/Rh at H=8 T. Interest- 
ingly, 1/Rh varies approximately linearly with T at all 
temperatures between T C (H) and 300 K. By fitting the 
data with Eq. 1, we obtain a = 5.06 xlO 7 C/m 3 -K and 
b = 1.66 xlO 10 C/m 3 . The fitting result is illustrated in 
Fig. 2a as the solid line. 

The above fitting procedure demonstrates the validity 
of Eq. 1 for MgB2. However, we recall that Eq. 1 holds 
if t -1 tx T and th 1 oc T 2 In this framework a 

linear T-dependence of the longitudinal resistivity p is 
expected. Fig. 2b shows the temperature dependence of 
p at H=0 and 8 T. Though it decreases with decreasing 
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FIG. 2: Temperature dependence of (a) 1/Rh and (b) longi- 
tudinal resistivity p. The solid lines are fits to experimental 
data using Eqs. 1 and 2, respectively. 



T, the normal-state p deviates from linearity below ~ 
200 K and flattens as T c is approached from high tem- 
erature. Measurements on bulk samples Jig ] and wires 
are qualitatively similar. However, we cannot exclude 
the possibility that the measured p may not represent the 
in-plane resistivity p a j,. If the temperature dependence 
of c-axis resistivity p c is distinctly different from p a i,, the 
measured p for polycrystals can deviate significantly from 
Pab- While experimental investigation of the resistivity 
anisotropy is lacking, theoretical calculations predict a 
nearly isotropic resistivity, which can be described by a 
standard Bloch-Gruneisen (BG) expression ^J. The BG 
formula for the resistivity can be written as 



P- Po 
A 



(47T) 



2T 



5 r & n /2T 



dx- 



sinh (x) 



(2) 



where po is the residual resistivity, A is a T-independent 
constant and Qd is the Debye temperature. Using Qd 
= 746 K ^, we model our resistivity data between 40 
and 300 K using Eq. 2, yielding po= 5.9 /xf2 cm and A 
= 0.37 ptt cm. As shown in Fig. 2b, Eq. 2 (solid line) 
describes our data fairly well, indicating the importance 
of electron-phonon interaction in MgB 2 . In this circum- 
stance, it is of surprise that the linear T-dependence of 
1/R# persists down to T C (H) even in the region that r _1 
oc T no longer holds. 

Since Kh depends on two scattering rates for high- 
Tc cuprates, more attention has been paid to a simpler 
quantity the Hall angle 9h = tan _1 (w c r^f) which is in- 
dependent of r, where lu c is the cyclotron frequency. For 
high-T c cuprates, cotOn exhibits a quadratic tempera- 
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FIG. 3: Hall angle cotOn vs. temperature between T C (H) and 
300 K at H = 8 T. The solid line is fit to experimental data 
above 25 K using Eq. 3. 
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cotO H =aT 2 +(3, T> T c , (3) 

where a and /3 are constants. For MgB2, cot0fj=RH--H/ p 
is shown in Fig. 3 plotted as coWh vs. T 2 . It should be 
noted that the data fall on an approximately straight line 
in the whole temperature range between T C (8T) and 300 
K. The solid line in Fig. 3 shows a fit to Eq. 3 with a = 
4.9e-3 K~ 2 and (3 = 128. The Independence of cot6 H 
and thus of th _1 suggests that th T > leading to the 
unconventional Hall response in MgB2. 

We now consider the Hall effect in the superconducting 
state. Shown in Fig. 4a is the temperature dependence 
of Kh at H=2, 4, 6 and 8 T, respectively. At each ap- 
plied field, the Rh vs. T curve exhibits the same feature. 
Surprisingly, the sign reversal of Rh appears not only in 
high fields but also persists in low fields. An increase 
of H pushes Rff(T) curve to lower temperatures, i.e., 
T m in decreases with increasing H. However, the magni- 
tude of R™ n seems to depend on H non-monotonically. It 
first increases and then decreases with increasing H. Al- 
though similar features have been observed in all high-T c 
cuprates and few BCS superconductors, it is interesting 
that sign change of Rh also occurs in MgB2. To assure 
that the sign change of Rh is not due to inhomogeneous 
superonductivity, we simultaneously measured the longi- 
tudinal resistivity. As shown in Fig. 4b, p does not only 
reveal a sharp transition in zero field but also decreases 
smoothly with T in applied fields without showing any 
step or kink throughout the entire transition regime. As 
reported previously J22] | , an increase of applied magnetic 
field results in a shift of the resistive transition to lower 
temperatures with appreciable broadening. 

Fig. 4 clearly indicates that the sign change of Rh oc- 
curs before p reaches zero. This strongly suggests that 
the Hall anomaly is a consequence of vortex dynamics. 
For conventional superconductors, a phenomenological 



FIG. 4: Temperature dependence of (a) Rh and (b) longitu- 
dinal resistivity p at H = 2, 4, 6, and 8 T. 

flux-flow model was developed by Nozieres and Vinen 
p3j that takes into account the hydrodynamic magnus 
force. In this model, the mixed-state Hall resistivity (pn 
= Ey/ja,) is given by: 

PH = (eT/m)p n H, H < H c2 . (4) 

Here m is the effective mass of the normal electrons, 
p n is the normal-state longitudinal resistivity, and H c2 
is the upper critical field. As presented in Fig. 5, pn 
varies perfectly linearly with H at T — T C (H — 0) = 
38 K. Below 38 K, it departs markedly from this be- 
havior at fields smaller than H C 2. In this regime, pn 
increases rapidly with H after reaching a negative peak 
PH nun at H m in to merge with the normal-state behav- 
ior. It is interesting to note that the value of pH min 
remains more or less the same below 34 K, though H m j n 
increases with decreasing temperature. It seems that a 
lower limit for pH min sets in at a temperature slightly 
below 38 K. To the best of our knowledge, such a feature 
has not been seen in any other superconductors. Never- 
theless, our data in Fig. 5 demonstrates that Eq. 4 fails 
to describe the unusual H-dependence of pn of MgB2. 
In spite of many different approaches, the mechanism re- 
sponsible for the Hall sign reversal remains controversial. 
For cuprate superconductors, models have been proposed 
p4] , p5| , p6| , |27], |28| suggesting that the sign change is re- 
lated to flux pinning, backflow of thermally excited quasi- 
particles, layered structure, a vortex-glass transition, or 
imbalance of the electron density between the center and 
the far outside the region of the vortices. In the absence 
of a more detailed analysis than is available for these 
scenarios, their usefulness in explaining our results re- 
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and D are positive constants. Therefore, models based 
on time-dependent Ginzburg-Landau theory [^9[ [3(| Q 
may fail to quantitatively explain our data in mixed state. 
Clearly, to find out whether the Hall anomaly arises from 
the layered nature of MgB2, further experiments on sin- 
gle crystals would be desirable. 

In summary, we have measured the Hall effect on well- 
characterized films of MgB2 in both the normal and su- 
perconducting states. The Hall quantities exhibit many 
features that are strikingly similar to those found in high- 
T c cuprates. Although these similarities may be acciden- 
tal, it is more probable that these similarities are clues 
to understanding the high transition temperatures found 
in both MgB 2 and the cuprates. 



FIG. 5: Magnetic field dependence of the Hall resistivity ph 
of MgB 2 at T=14, 18, 22, 26, 30, 34, and 38 K. 
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mains uncertain. However, it should be pointed out that 
the scaling behavior between pn and p does not seem to 
hold for MgB2 , suggesting that the sign reversal is not a 
consequence of a vortex-glass transition [^Tj. Given the 
fact that the sign change persists at temperatures well 
below T c o, the backflow scenario should also be ruled 
out (^5). In addition, we find that the Hall conductivity 
<jh cannot be described by er# = -C/H + DH, where C 
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